Background: Asbestos dust is one of the most dangerous pneumoconiotic and carcinogenic agents. The aim of this study was to assess the occurrence of asbestosis and pleural mesothelioma, depending on asbestos consumption and the type of manufactured products, among former asbestos workers in Poland. Material and Methods: The study subjects included employees of 18 large state-owned asbestos processing enterprises operating in the Polish market in 1945-1998. The study is based on data obtained from asbestos company records and the Central Register of Occupational Diseases data on the cases of asbestosis and mesothelioma for the period from 1970 till 2012 as well as data from Amiantus Programme. The analysis was performed for 5 sectors comprising plants classified according to the products manufactured and applied production technology. Results: In the study period, 2160 cases of asbestosis and 138 cases of mesothelioma were reported. The plants processed a total of about 2 million tonnes of asbestos, including about 7.5% of crocidolite. Total asbestos consumption was a strong predictor of the rate of asbestosis incidence (R 2 = 0.68, p = 0.055). The highest risk occurrence of asbestosis was observed in the production of textiles and sealing products. Mesothelioma occurred only in plants where crocidolite had been ever processed. Conclusions: Total asbestos consumption was a strong predictor of the rate of asbestosis incidence. The observation confirms the relationship between exposure to crocidolite and the occurrence of mesothelioma, regardless of the manufactured products, and suggests the absence of such a link for the total volume of asbestos consumption. Med Pr 2015;66(1):1-9
ses operating in Poland since 1945. For each plant, historical data on the life cycle, product range, technology used, the amount and the type of processed asbestos as well as the number of employees was collected. Analyses were performed in 5 groups of plants, classified according to the type of manufactured products and the processing technology used. The following plants, classified according to the type of products, were included in the analysis: asbestos-cement plants (8 factories), textile (2 factories), sealing (2 factories), friction (2 factories) and waterproofing plants (4 factories).
As in ecological research, the quantity of asbestos used for the production of specific products was assumed as an indicator of the potential asbestos risk. We defined the health outcome as the number of cases per 1000 employees, the number of cases per 10 000 t of the asbestos processed, and the amount of asbestos consumption (tonnes during 1945-1999) per 1 worker as an exposure indicator.
The asbestos-related diseases included in the study were: asbestosis caused only by asbestos exposure and mesothelioma, for which asbestos is essentially the only known cause. The analysis did not include lung cancer because no data was available on smoking cigarettes by persons employed in various industries, including those with diagnosed occupational disease. It should be noted that in Poland, every case of lung cancer with documented exposure to asbestos is compensated as an occupational disease, no matter whether asbestosis had been diagnosed beforehand, and irrespective of the smoking habit. The incidence data was obtained from the Central Register of Occupational Diseases which keeps the records of all of the reported and certified occupational diseases in Poland. The analysis included all 2160 cases of asbestosis and 138 cases of mesothelioma, starting from the earliest recorded ones, until those detected in 2012.
Relationships between asbestosis and pleural mesothelioma rates and asbestos consumption were analysed using quasi-binomial regression with identity link [7] . We used regression coefficients (B 1 ) and respective 95% confidence intervals (CIs) to estimate the associations. The coefficient of determination (adjusted R 2 ) was calculated to evaluate regression models. Crocidolite and total asbestos consumption were log-transformed in the models for asbestosis. We presented the slope coefficient as a measure of asbestos use impact (volume per one case). All values of p < 0.05 were accepted as statistically significant. Statistical models were equipped with R statistical programme, version 3.0.1.
INTRODUCTION
Asbestos dust is one of the most dangerous pneumoconiotic and carcinogenic agents. Occupational exposure to asbestos is a cause factor for asbestosis and increases the risk for mesothelioma and lung cancer. In Poland, as in many other countries, asbestos is classified as a carcinogenic agent to humans. The consequence of this is the law introduced in 1997 which bans the import, manufacturing and sale of asbestos and asbestos-containing materials. In spite of the fact that asbestos plants have been closed, the use of asbestos has been banned for 16 years, and that crocidolite asbestos has been banned since the mid-80s of the last century, cases of the diseases induced by this carcinogen continue to be recorded among the former workers of asbestos-processing plants. Asbestos-induced damage is generally permanent and irreversible and it causes a life-altering disability. Asbestos-related diseases often develop after exposure termination, and the symptoms frequently appear after a long time from the 1st contact with asbestos; for asbestosis, that period amounts to 10-20 years, while for pleural mesothelioma, the minimum length of that period is 10 years, but usually it ranges from 20 to 40 years [1] .
Practical indestructibility of asbestos fibres, large quantities of asbestos-containing products introduced into the environment combined with continuing reports about new asbestos-related tumour cases cause that former, as well as current, occupational and environmental exposure to asbestos still constitutes a considerable public health problem [2] [3] [4] [5] [6] .
There is evidence from ecological studies that asbestos consumption predicts the incidence of mesothelioma in general population but the amount and type of processed asbestos was not taken into account as a risk predictor of asbestos-related diseases for the working population.
The aim of this work was to assess the frequency of asbestosis and pleural mesothelioma among workers of asbestos processing plants in Poland, classified according to the products manufactured and related technology, and according to the amount and type of asbestos processed.
MATERIAL AND METHODS
The analysis is based on data obtained from former asbestos company records and the Central Register of Occupational Diseases in Poland. The study included 18 large state-owned asbestos processing enterpriAsbestos related diseases and use of asbestos Nr 1 3
RESULTS

Characteristics of plants
Plants producing asbestos-containing products are listed in the "Act banning the use of asbestos" which became the basis for the implementation of preventive examinations for former employees of these companies in 2000 (Amiantus Programme). The use of asbestos as raw material in the production served as the inclusion criterion. The list included large state-owned enterprises which employed hundreds of workers, as well as some workshops employing a dozen of people. The workshops were not included in the analysis because data on their activities was not available. This applies mainly to manufacturers of small-sized asbestos-cement and friction products. The plants included in the survey, since 1945 to 1998, i.e., till the implementation of the law banning the use of asbestos, processed over 2 million tonnes of asbestos, including ca. 151 thousand tonnes of crocidolite ( Table 1 ). The majority, approximately 92.5%, was chrysotile imported mainly from the former Soviet Union. Given the data obtained from the plants, it is estimated that over 43.6 thousand of individuals were occupationally exposed to asbestos dust.
Asbestos supplied to plants, regardless of the final product, first of all required to be opened, i.e., separated into individual fibres by a method capable of keeping to the minimum losses associated with breaking/ shortening of fibres. Asbestos was opened in grinding mills using dry, semi-dry or wet processes. The process was preceded by ripping the bags and feeding the material into a grinder mill. Until the mid-seventies, these procedures were performed manually in most plants. The highest concentrations of the dust were recorded at the workplaces occupied by feeders, operators of grinder mills, as well as operators of cutting and polishing units. Among the studied sectors, the highest concentrations of asbestos fibres were recorded in the production of yarn, woven fabrics and other insulation materials.
The production of asbestos-cement was the largest asbestos processing sector which, in 8 large stateowned plants, processed about 82% of the total asbestos imported to Poland. The main material used for the manufacture of asbestos-cement was chrysotile but, since the mid-eighties, considerable quantities of crocidolite and small amounts of amosite were used to produce pressure pipes.
Asbestos-cement corrugated and flat sheets were produced in Poland using almost identical formulations: 88% to 91% of cement, and 9% to 12% of asbestos in terms of dry weight. Occasionally, chrysotile asbestos was supplemented with 3% to 5% of crocidolite. Larger quantities of crocidolite (up to 20% of asbestos) were used in the production of asbestos-cement pipes, manufactured in only 1 plant. Since the mid-eighties, the use of crocidolite has been banned.
The production of asbestos-cement continued from 1945 to 1998, individual plants were in operation for periods ranging from 14 to 46 years. It is estimated that employment during that period was about 18 thousand of employees.
The textile plants included in the survey produced yarn, rope, non-woven fabric, thermal insulating fabric woven from asbestos yarn, insulation tape used e.g., for the insulation of steam boilers, heat exchangers, piping, and to manufacture fire-resistant clothes. These products contained from 75% to 90% of asbestos. Overall, the textile sector processed about 11% of the total asbestos imported to Poland, including about 1% of crocidolite. It is estimated that ca. 9700 employees were exposed to asbestos dust in the asbestos-processing textile factories. The plants of sealing products manufactured asbestos-rubber board, cardboard, various types of gaskets and braided sealants made from asbestos yarn. The content of asbestos in these products ranged from 40% to 90%. The plants used chrysotile imported from the former Soviet Union and, until 1984, small amounts of blue asbestos. In total, over 35 years, the plants converted about 4% of imported asbestos, including about 7.5% of crocidolite. It is estimated that approximately 7700 employees were exposed to asbestos dust in the plants manufacturing asbestos sealing products.
The plants of friction products manufactured: friction linings and brake band used for clutches and brakes for various types of motor vehicles, cranes, elevators, conveyors and other mobile devices, drum brake and clutch linings, brake pads. The products contained from 27% to 43% of chrysotile asbestos. In total, over 39 years, about 2% of the imported chrysotile was processed. The crocidolite asbestos was not used in the production of these products. It is estimated that the number of employees exposed to asbestos dust in the friction products plants was about 4500.
The production of a variety of waterproofing items was the smallest sector of the asbestos processing industry. The waterproofing products included filling materials (sealants, primer solutions, glues, asphalt emulsions), lubricants for industrial concrete, dry mortar, products for use in road construction and additives for concrete, asphalt binders, cements, sealants, refined road asphalt, mortar primers, tar roof, floor tile. That sector processed about 1% of the total imported asbestos, of which up to 25% was crocidolite. Asbestos content in the waterproofing products ranged from 3% to 30%, while in the sealants, the average asbestos content was about 40%. A significant part of the work, including handling and feeding loose asbestos stock to the machines, was performed manually. These products were manufactured for 39 years, since 1953 till 1992. It is estimated that over 3800 people were exposed to asbestos dust during that period.
The occurrence of occupational asbestos-related diseases in asbestos processing plants Asbestosis There were 2160 cases of asbestosis recorded in the period from the 1st case reported in 1970 till 2012 ( Table 2) . Out of this number, 50.6% of cases were identified in the period from 2001 to 2012, i.e., during the period covered by the Amiantus Programme. Before the implementation of this project, the average number of cases per year had been 34.4, while for the period over the years 2001-2012, the corresponding number was 91.1. The cases reported in the asbestos processing plants accounted for 73.2% of the total number of asbestosis observed in Poland during this period, but the highest risk of developing asbestosis Asbestos related diseases and use of asbestos Nr 1 5 depending on the product range manufactured in the plants (Table 2) . Chest radiography and detection of the changes in the X-ray chest image are crucial in diagnosing asbestosis. The diagnosis of asbestosis relies on detecting the presence of X-ray changes as small irregular s-, t-, u-type opacities with density starting from 1/0. It is in accordance with the radiological classification of pneumoconiosis developed by the International Labour Office (ILO) [8] . In Poland, asbestosis as an occupational disease is differentiated with radiographic changes starting from the category of density 1/1 [9] .
Periodic chest radiography examinations in former workers of asbestos processing plants (the Amiantus Programme) were performed in 2001-2010. The results have shown that the adoption of international criteria for the density of opacities (from 1/0) would result in the increase in the number of people with diagnosed asbestosis by a total of 13%, depending on the sector, from 8.2% in those exposed during the production of waterproofing materials, and up to 26% in those exposed during the production of sealing materials (Table 4) . was in the textile sector, while the lowest in the sector of frictional materials.
The relationship between the asbestosis incidence rate per 1000 workers and the total asbestos consumption per capita is presented in Figure 1 . The range of asbestos use from 5 to 90 t corresponds to the incidence rate of asbestosis, which is between 5 and 67. After excluding asbestos-cement factories, the approximate linear relation between asbestosis rate and the total asbestos use can be clearly observed. The association between asbestos-related diseases and the type of processed asbestos is expressed in Table 3 , with the parameters: intercept B 0 , slope B 1 and adjusted R 2 values. The total asbestos consumption was a positive predictor of asbestosis incidence rate, with an adjusted R 2 value of 0.68 (p = 0.055). However, no significant association was found between the crocidolite consumption per capita and the asbestosis incidence rate per 1000 workers (p = 0.483).
The asbestosis rate was about 49 per 1000 employed workers and approximately 11 cases of asbestosis were associated with every 10 000 t of the asbestos processed. Both of these measures showed differences R 2 -coefficient of determination / współczynnik determinacji. A-C -asbestos-cement / azbestocement, TXTL -textile / produkty włókiennicze, SEAL -sealants / produkty uszczelniające, FRIC -frictional / produkty cierne, WPR -waterproofing / produkty hydroizolacyjne. Error bars represent 95% confidence intervals / odcinki oznaczają 95% przedziały ufności. 
Mesothelioma
Pleural mesothelioma cases were observed only among employees of the plants ever processing crocidolite, even in very small amounts ( Table 2 ). The total number of cases of mesothelioma was 138, which represents 43.7% of all of the occupational mesothelioma cases in Poland. Almost 67% of the cases of mesothelioma among workers involved in asbestos processing occurred in the period 2001-2012, i.e., during the continuation of the Amiantus Programme.
The average annual number of mesothelioma cases during that period was almost 4-fold higher than that in the years 1976-2000 (7.7 vs. 1.8).
The Figure 1 shows plots of the pleural mesothelioma incidence rate associated with crocidolite consumption. A positive linear relation between the cro- Asbestos related diseases and use of asbestos Nr 1 7 cidolite consumption per capita and the mesothelioma incidence can be clearly seen. The crocidolite consumption per person was a strong predictor of mesothelioma incidence, with an adjusted R 2 = 0.85 (p = 0.017). The slope (B 1 ) of the regression line suggests that the rise of the crocidolite consumption by 1 tonne resulted in about one case of mesothelioma per 1000 employees. However, no such relationship was found for the total volume of asbestos consumption, with an adjusted R 2 value of 0.35 (p = 0.175) ( Table 3) . Regardless of the production type of the plant, a similar number of cases of mesothelioma was associated with 10 000 t of the crocidolite processed, with the exception of the very small waterproofing sector. The average number of cases of mesothelioma per 1000 employees was almost 3.2. The highest rates were noted in the workers of the asbestos-cement plants (6.54) and in the workers producing waterproofing materials (3.64) ( Table 2) .
DISCUSSION
The ecological relationship between the amounts of historical asbestos consumption and frequency of asbestos-related diseases in the general population is becoming a more and more frequent subject of descriptive analyses. Asbestos consumption per capita in the historical context is a surrogate for the exposure level of a population, which allows to analyse and predict the incidence of pleural mesothelioma in individual countries and in the global scale [10] [11] [12] [13] [14] [15] [16] .
Poland has no asbestos deposits. The amount of imported asbestos and the annual consumption of about 1.7 kg per 1 worker (during the period of the highest consumption) ranks Poland at the level of the countries with low consumption of, especially, the crocidolite imported for economic purposes only in small amounts [17] . In the present study, after collecting full data on the amounts of asbestos processed in the asbestos industry plants and on the numbers of occupational disease cases since 1970 up to the present, we have analysed the incidence of asbestosis and pleural mesothelioma as the pathologies most characteristic of asbestos exposure. In the case of asbestos processing exposure to only one type of fibre is extremely rare. Asbestos products were usually made of a mixture of 2 or more types of asbestos fibres, blended in varying proportions depending on the processing method and the required characteristics of the final product. The analysed plants processed practically only 2 types of asbestos -chrysotile and crocidolite.
The highest risk of asbestosis was recorded in the textile sector. A similar level was reported in the production of sealing items (gaskets), predominantly made of asbestos yarn. In comparison with other sectors, the textile asbestos processing sector was characterized by very high concentrations of dust, especially in the preparatory, spinning and weaving departments. This was reflected in significantly higher rates of deaths due to asbestos-related diseases recorded in the historical cohorts of the employees in that sector [18] [19] [20] . Noteworthy, as emphasized by several authors [21] [22] [23] [24] , is the incidence of pleural mesothelioma in the workers of the plants adding crocidolite to their products. Despite the significant risk of asbestosis observed in our analysis, only 2 cases of pleural mesothelioma were registered in the textile sector and both cases dated back to the period, during which crocidolite was used in the production process.
The analysis showed that the greatest risk of pleural mesothelioma was reported among the workers of asbestos-cement plants and in the smallest sector of the asbestos-processing industry i.e., manufacturing waterproofing products which processed about 1% of the asbestos imported. It should be noted, however, that out of the total 22 000 t of asbestos processed in the waterproofing sector, 25% was crocidolite. Taking into account the fact that in the mid-seventies, many operations were performed manually, the highest concentrations of asbestos dust were recorded in the workstations where cutting bags, feeding material to the machines as well as cutting and polishing the final products were performed. Among the individual sectors of the asbestos-processing industry, the highest concentrations of asbestos fibres were recorded in the production of yarns, fabrics and textile insulation materials.
A very strong association between the consumption of the crocidolite processed and the incidence of pleural mesothelioma, and the lack of such relationship for the total volume of asbestos consumption per capita confirm biological aggressiveness of crocidolite. The number of cases of disease per 10 000 t of the material processed may be regarded as an indirect indicator of working conditions. The data presented in this analysis shows that the sector of friction materials was rated best in that respect, with about 6 cases of asbestosis per 10 000 t of the asbestos processed, which is 6-fold less than in the textile sector. The indicator of the use of crocidolite and mesothelioma points to poor working conditions prevailing in the waterproofing products sector. An approximately 3-fold greater (relative to asbestos-cement, textile and sealant plants) number of mesothelioma cases resulted from 10 000 of crocidolite.
The high number of recorded asbestosis and mesothelioma cases in the period over the years 2001-2012, which was several times higher than that recorded in the previous period, was a result of 2 factors -the long latency period of the diseases and the implementation of the Amiantus Programme which significantly increased their detectability.
The presented study has some limitations, including the use of raw incidence rates due to the lack of data on person-years. The per capita asbestos consumption was calculated for the well-documented aggregated data for a relevant period of the operation of factories. Another limitation of this study is that the incidence of occupational mesothelioma can be underestimated, compared with data from other countries. The major factors accounting for the underrated occupational fraction of mesothelioma are difficulties in diagnosing this rare cancer and low cumulative dose of asbestos dust due to short periods of employment [17] . A high proportion of asbestos workers were employed for a short time.
The previously mentioned limitations should be taken into consideration when interpreting the results, however a major strength of this study is that the analysis was based on the data covering all of the occupational asbestos-related diseases and the complete, reliable data on asbestos consumption in the territory Poland.
CONCLUSIONS
There were significant differences between the incidence of asbestosis depending on the manufactured products. The highest risk of asbestosis was associated with manufacturing textiles products. The differences concerning the risk result mainly from the historical lack of proper industrial hygiene and procedures that would minimize asbestos exposure, therefore differences in the concentration of asbestos dust in the analysed sectors can be observed.
Cases of pleural mesothelioma were observed only among the employees of plants ever processing crocidolite (employed during the period when crocidolite was processed in those plants). We found a correlation between the incidence of pleural mesothelioma and the volume of the crocidolite processed per capita. The increase of the crocidolite consumption per capita by 1 t resulted in 1 additional case of mesothelioma per 1000 employees. As regards the type of manufactured products, contrary to the case of asbestosis, a similar volume of processed crocidolite resulted in one case of pleural mesothelima (except for the waterproofing sector).
This observation confirms the association between the exposure to crocidolite and the incidence of pleural mesothelioma and points to the absence of such a link for the exposure to chrysotile. The results confirm the still controversial thesis about the lack of sufficient proof of a causal link between exposure to chrysotile only and the incidence of pleural mesothelioma. The hypothesis about the lack of such dependence is very important in the context of environmental exposure to asbestos.
Finally, dissemination of information concerning the use of materials containing asbestos, in particular those containing crocidolite, which are still a source of fiber emissions, is essential from the public-health point of view, and provides recommendations on reducing health risks.
